INTRODUCTION {#s1}
============

Chronic lymphocytic leukemia (CLL) is a disease of mature B cells that are CD5 positive and CD19 positive \[[@R1]--[@R3]\]. These cells accumulate as they fail to undergo apoptosis. CLL represents 5% of all leukemias in the Western hemisphere. CLL cells from the peripheral blood are replicationally quiescent but transcriptionally, translationally, and metabolically active \[[@R4], [@R5]\].

Several studies in solid and liquid tumors have suggested that cancer cells normally depend on both glycolysis and oxidative phosphorylation (OxPhos) \[[@R6]\] and that these cells acquire plasticity to adapt to metabolic conditions \[[@R7]\]. These processes provide cellular bioenergy as well as precursors for production of macromolecules, which are needed to maintain the high growth rate of these cells. Previous work from our laboratory has demonstrated that of the two ATP-generating pathways---glycolysis and OxPhos---the latter is associated with disease aggressiveness \[[@R8]\]. Furthermore, oxygen consumption rate (OCR) (a measure of OxPhos) of CLL cells varied among patient samples, ECAR (a measure of glycolysis) was relatively similar among samples. The diversity in OCR in CLL primary lymphocytes is related to the prognostic factors of the disease. CLL cells from patients with poor prognostic factors such as high Rai stage, positive ZAP-70, and unmutated IGHV had significantly higher OCRs than their counterparts with good prognoses \[[@R8]\]. Such differentials provide a rationale to target OxPhos therapeutically in CLL patients with relatively poor prognostic outcomes.

In addition to inherent prognostic markers, microenvironment factors have been shown to impact the sensitivity of CLL cells to chemoimmunotherapy and/or targeted therapies. Interaction of CLL primary cells with bone marrow-derived stromal cell lines has been shown to provide a survival advantage \[[@R9], [@R10]\]. In parallel with this survival benefit was an increase in the rate of gene transcription, protein translation, and metabolism in CLL cells \[[@R4], [@R5], [@R11]\]. Importantly, there is a significant and selective increase in OxPhos but not glycolysis in a stromal microenvironment \[[@R12]\]. The exclusive increase in the OCR by CLL lymphocytes provides further rationale to target OxPhos for this indolent leukemia.

OxPhos is an energy-efficient way of synthesizing ATP in the mitochondria. The mitochondrial electron transport chain consists of five complexes: NADH dehydrogenase (complex I), succinate dehydrogenase (complex II), cytochrome C reductase (complex III), cytochrome C oxidase (complex IV), and ATP synthase (complex V). Mitochondrial respiration is coupled to ATP production, in which oxygen is consumed \[[@R13]\]. Inhibitors of the electron transport chain impede OxPhos and curb the ATP supply.

Because CLL cell metabolism appears to rely substantially on the OxPhos pathway \[[@R8]\], which is further augmented and perturbed by a stromal microenvironment \[[@R12]\], we hypothesized that CLL cells would be selectively vulnerable to OxPhos inhibition. While there have been some attempts to design and develop OxPhos inhibitors, these did not possess qualities to become clinical candidates \[[@R14]\]. IACS-010759, a drug discovered by the Institute for Applied Cancer Science (IACS) at The University of Texas MD Anderson Cancer Center, is an OxPhos pathway inhibitor \[[@R15]\]. IACS-010759 was identified as a complex I inhibitor; at low, nanomolar levels, this small-molecule drug inhibited ATP production in isolated mitochondria \[[@R16]\]. The metabolic effect of IACS-010759 was apparent when malate and glutamate were used but not when succinate was supplied. Several additional genetic and pharmacologic investigations further established complex I as the target of this novel agent \[[@R16]\]. Additionally, this agent has clinically favorable properties including oral bioavailability, pharmacokinetic profile, and lack of adverse events \[[@R15]\]. Importantly, IACS-010759 is now being evaluated in a clinical trial (NCT02882321; [ClinicalTrials.Gov](http://ClinicalTrials.Gov)) to test its efficacy for patients with acute myelogenous leukemia.

In the present study, we evaluated the effects of IACS-010759 in freshly isolated primary CLL cells from peripheral blood. Our investigations suggested that while there was a significant decrease in OxPhos in primary CLL cells, the biologic effect of the drug was very modest owing to a concomitant increase in the glycolysis pathway, which was measured using the extracellular acidification rate (ECAR). While all four ribonucleotide pools were reduced significantly, there was minimal cell death due to this inhibitor. Consistent with these data, simultaneous inhibition of glycolysis by either 2-deoxy-D-glucose (2-dG) or low-glucose culture conditions had a more pronounced biologic effect than the inhibitor alone did. These observations clearly suggest that CLL cells have plasticity and that when OxPhos is inhibited, the cells adapt to use a compensatory glycolysis pathway; therefore, targeting both pathways is essential for this treatment approach to have a therapeutic impact.

RESULTS {#s2}
=======

IACS-010759 causes minimal cell death in CLL cells {#s2_1}
--------------------------------------------------

Five concentrations (30 nM, 100 nM, 300 nM, 1 μM, and 3 μM) of IACS-010759 were tested on six patient samples with incubation times of 24 and 48 h (Figure [1A, 1B](#F1){ref-type="fig"}). In untreated time-matched samples (control), cell death rates ranged from 5% to 60%. After treatment with the drug, these values increased moderately at both 24 and 48 h (Figure [1A](#F1){ref-type="fig"}); cell death was limited at both time points. A concentration of 100 nM was used for all experiments thereafter. At this dose, additional samples were tested for cell death at 24 and 48 h (Figure [1C, 1D](#F1){ref-type="fig"}). Even in these samples, compared to time-matched control (DMSO only incubations) samples, the cell death was minimal in IACS-010759-treated samples. Caspase 3 levels were measured by flow cytometry. Caspase 3 was not induced in treated samples compared with untreated time-matched counterparts (Figure [1E](#F1){ref-type="fig"}). Only one of three CLL samples showed an increase in cleaved poly(ADP-ribose) polymerase levels (Figure [1F](#F1){ref-type="fig"}). Since cell death was very minimal with IACS-010759, we tested for autophagy induction upon drug treatment. CLL cells were treated with IACS-010759 for 24 or 48 h and were then stained with acridine orange and analyzed by flow cytometry. A representative flow panel of one patient sample is shown in [Supplementary Figure 1](#SD1){ref-type="supplementary-material"}. Compared to time-matched untreated (Control) samples, data in several samples suggested no significant induction of autophagy (five samples -24 h; six samples - 48h).

###### Effect of IACS-010759 on cell survival and mitochondrial functionalities of malignant CLL B cells

(**A**--**B**) Cell death in primary CLL cells treated with different doses of IACS-010759 in six patient samples at 24 h (A) and 48 h (B). (**C**--**D**) Cell death in primary CLL cells incubated with or with 100 nM IACS-010759 (*n* = 14) at 24 h (C) and (*n* = 13) at 48 h (D). (**E**) Activation of caspase 3 measured by a flow cytometric assay. CLL cells that were untreated or treated with IACS-010759 (*n* = 5) were assayed for caspase 3 activity. (**F**) Immunoblot showing cleaved PARP and cleaved caspase 3 proteins in untreated or treated cells. C; Control untreated; D, drug IACS-010759-treated. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) protein was used as loading control. (**G**) CLL cells that were untreated or treated (*n* = 6) were assayed for mitochondrial ROS (mito ROS) at 24 h. (**H**) CLL cells that were untreated or treated (*n* = 8) were assayed for mitochondrial outer membrane potential (MOMP). Ctrl, untreated control; 010759, IACS-010759; ANOVA, analysis of variance; a.u. absorbance unit.
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Mitochondrial ROS level was measured in treated samples by flow cytometry (Figure [1G](#F1){ref-type="fig"}) and no significant change in ROS was observed in six patient samples after 24 h of incubation with the drug. Similarly, mitochondrial outer membrane potential was measured in eight samples after incubation with 100 nM IACS-010759 for 24 h (Figure [1H](#F1){ref-type="fig"}). Again, not much change was observed for this parameter.

IACS-010759 inhibits OCR and increases glycolysis in CLL cells {#s2_2}
--------------------------------------------------------------

CLL cells were incubated with 100 nM IACS-010759 for 24 h and later assayed for changes in mitochondrial OCR and ECAR. Untreated cells showed the expected increase in spare respiratory capacity upon addition of uncoupler carbonylcyanide-4-trifluoromethoxyphenylhydrazone (FCCP). In drug-treated cells, basal OCR was greatly inhibited followed by a drastic decrease in spare respiratory capacity (after addition of FCCP) compared with the untreated control (Figure [2A](#F2){ref-type="fig"}). Similar assays were done in 10 patient samples where basal respiratory capacity (Figure [2B](#F2){ref-type="fig"}) and spare respiratory capacity showed a similar trend after incubation with the drug (Figure [2C](#F2){ref-type="fig"}). Glycolysis was measured simultaneously in these patient samples. An increase in glycolytic flux was observed in treated cells compared with untreated cells (Figure [2D](#F2){ref-type="fig"}). A similar increase in glycolytic flux was noted when an additional 11 samples were evaluated (Figure [2E](#F2){ref-type="fig"}). Because glycolytic flux increased, we measured glucose consumption by the cells (substrate for glycolysis). 2-dG was used to measure glucose uptake in untreated and after a 24 h treatment with IACS-010759 (Figure [2F](#F2){ref-type="fig"}). Glucose uptake was significantly increased after treatment in nine samples.

![Impact of IACS-010759 on mitochondrial OxPhos and glycolysis in CLL cells\
CLL cells were untreated or were treated with 100 nM IACS-010759. Equal numbers of untreated and IACS-010759-treated CLL cells (100 nM) were plated for the XF assay. Five technical replicates were used for OCR and ECAR assays. (**A**) XF cell mitochondrial stress test profile of a CLL sample. CLL cells that were untreated (blue curve), or treated with IACS-010759 (brown curve) were used for the assay. (**B**) Basal OCR of untreated (blue line) and treated (brown line) CLL cells were analyzed for OxPhos (*n* = 10). (**C**) Changes in spare respiratory capacity of untreated (blue line) and treated (brown line) CLL cells. (**D**) XF glycolysis stress test profile of the CLL samples analyzed for OxPhos in A. (**E**) Glycolytic flux of untreated and treated CLL cells that were analyzed for OxPhos (*n* = 11). (**F**) Changes in glucose uptake in CLL cells upon treatment. Untreated and treated CLL cells were assessed for \[^3^H\]-deoxy-d-glucose uptake (*n* = 9). Ctrl, untreated control; 010759, IACS-010759. FCCP, carbonylcyanide-4-trifluoromethoxyphenylhydrazone; A+R, antimycin and rotenone; DPM, disintegration per minute.](oncotarget-09-24980-g002){#F2}

IACS-010759 decreases intracellular ribonucleotide triphosphate pools in CLL {#s2_3}
----------------------------------------------------------------------------

CLL cells were incubated with 100 nM IACS-010759 for 24 h (*n* = 19) and 48 h (*n* = 6). Figure [3](#F3){ref-type="fig"} shows that the ribonucleotide pools decreased at both time points upon drug treatment. ATP concentrations in CLL cells from these patients ranged from 693 to 5267 μM with a mean of 2775 μM. This mean value decreased to 1652 μM after 24 h. At 48 h, the levels further decreased from 2124 to 943 μM.

![Effect of IACS-010759 on ribonucleotide levels in CLL cells\
CLL cells were untreated or were treated with 100 nM IACS-010759 for 24 or 48 h. High-pressure liquid chromatography was performed to assess the levels of intracellular ribonucleotides. All four NTP pools---ATP (**A**), UTP (**B**), CTP (**C**), and GTP (**D**)---were measured after 24 h (*n* = 19) or 48 h of IACS-010759 (*n* = 6) compared with controls. Ctrl, untreated control; 24, 24-h treatment with IACS-010759; 48, 48-h treatment with IACS-010759.](oncotarget-09-24980-g003){#F3}

Impact of IACS-010759 on CLL cells in presence of stroma {#s2_4}
--------------------------------------------------------

CLL cells were cultured in suspension or in the presence of stroma with or without 100 nM IACS-010759. There was some CLL cell death observed in untreated time-matched control (Ctrl) samples. Incubation with IACS-010759 did not increase cell death. There was some protection of cell death when CLL lymphocytes were co-cultured with stroma. The drug resulted in minor increase in cell death when CLL lymphocytes were cultured in the presence of stroma (Figure [4A](#F4){ref-type="fig"}). Mitochondrial stress tests were performed to analyze the impact of the drug on OCR in CLL cells in presence of the stromal cells. OCR was augmented when CLL cells were cultured on stroma cells (Figure [4B](#F4){ref-type="fig"}). IACS-010759 mitigated the OCR induced by stroma cells, bringing the OCR levels in CLL co-cultured with stroma to the same level as that seen in suspension cultures with the drug.

![Impact of IACS-010759 on CLL cells co-cultured on stroma\
(**A**) Effect of IACS-010759 on CLL cells cultured in suspension or on stroma. CLL cells were untreated in suspension, treated with IACS-010759 in suspension, untreated on stroma, or treated with IACS-010759 on stroma. Cell death was measured as frequency of annexin V/propidium iodide-positive cells. Cells were obtained from the peripheral blood of patients with CLL (*n* = 8). The one way ANOVA p value is 0.0425. (**B**) Measurement of maximum respiratory capacity as OCR in four CLL samples tested either in suspension or after stromal co-culture and untreated or treated with IACS-010759 for 24 h. The p values are, C vs 010759, *p* ≤ 0.015; 010759 vs stroma, *p* = 0.08, Ctrl, untreated control; 010759, 100 nM IACS-010759; Str, stromal co-culture.](oncotarget-09-24980-g004){#F4}

Effect of IACS-010759 in combination with glycolysis inhibitor 2-dG {#s2_5}
-------------------------------------------------------------------

Because glycolysis was upregulated upon IACS-010759 treatment of CLL cells, we next tested a combination of an OxPhos inhibitor and a glycolysis inhibitor. CLL cells were cultured in suspension for 24 h in each of the following conditions: untreated, with 100 nM IACS-010759, with 5 mM 2-dG, and with IACS-010759 combined with 2-dG. In cells incubated with 2-dG, the OCR decreased slightly compared with the controls (Figure [5A](#F5){ref-type="fig"}). In cells incubated with the combination, the OCR was further and significantly reduced compared with controls and even compared with cells treated with IACS-010759 alone. When the cells were assayed for glycolysis (ECAR) under these culture conditions, glycolysis increased, as expected, in the cells incubated with IACS-010759 compared with controls; but in cells incubated with the combination, ECAR significantly decreased and reached almost basal levels (Figure [5B](#F5){ref-type="fig"}).

###### Effect of combination of IACS-010759 and 2-dG or low-glucose conditions on CLL cells

(**A**) Basal OCR was measured in CLL cells (*n* = 7) that were untreated or treated with 100 nM IACS-010759 alone, 5 mM 2-dG alone, or a combination of IACS-010759 and 2-dG. The p values are, Ctrl vs 010759, *p ≤* 0.0001; 010759 vs 2dG, *p* = 0.0054; 010759 vs combo, *p* = 0.07; 2dG vs combo, *p* = 0.0017. (**B**) Effect of single agent versus combination on ECAR. Measurement of ECAR in same seven patient samples as in A. The p values are Ctrl vs 010759, *p* = 0.0003; 010759 vs 2dG, *p* ≤ 0.0001; 010759 vs combo *p ≤* 0.0001; 2dG vs combo, *p* = 0.69. (**C**) Impact of single agent and combination on cell death in CLL cells obtained from patients (*n* = 19). Induction of apoptosis was measured using annexin V/propidium iodide staining. The p values are Ctrl vs 010759, *p* = 0.011; 010759 vs 2dG, *p* = 0.011; 010759 vs combo, *p* ≤ 0.0001; 2dG vs combo, *p* = 0.0005. (**D**) Effect of low glucose conditions (5 mM) on CLL cell death and impact of addition of IACS-010759 during low glucose culture conditions. CLL cells from patients (*n* = 11) were either untreated, treated with IACS-010759, low glucose medium, and low glucose medium with IACS-010759 for 24 h and apoptosis was measured using annexin V/propidium iodide staining. The p values are Ctrl vs 010759, *p* = 0.011; 010759 vs LG, *p* = 0.0011; 010759 vs combo, *p* = 0.0002; LG vs combo, *p* = 0.1. (**E**) Changes in mitochondrial ROS (mito ROS) in CLL cells. CLL cells were treated as in D, and mito ROS was measured as described in the Methods section. The p values are Ctrl vs 010759, *p* = 0.13; Ctrl vs LG, *p* = 0.0001; 010759 vs combo, *p* = 0.001; LG vs combo, *p* = 0.0029. Ctrl, untreated control; 010759, 100 nM IACS-010759; LG, low-glucose culture conditions; fl, fluorescent.
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Apoptosis was also measured under these culture conditions. Compared to time-matched untreated control CLL samples (Ctrl), IACS-010759 caused minimal cell death, but 2-dG treatment resulted in noticeably more cell death, and the combination resulted in higher cell death than either individual drug treatment (Figure [5C](#F5){ref-type="fig"}). Another method of blocking glycolysis is reducing the glucose concentration in the media. We tested low-glucose conditions (5 mM final concentration) separately from and in combination with IACS-010759 and quantitated the resulting apoptosis levels. As seen with 2-dG, low-glucose conditions caused significantly higher cell death rates compared with no treatment, and IACS-010759 in low-glucose conditions further increased cell death (Figure [5D](#F5){ref-type="fig"}). Mitochondrial ROS was also measured under these culture conditions. Cells in low-glucose cultures showed a significant increase in ROS levels compared with controls (Figure [5E](#F5){ref-type="fig"}). The addition of IACS-010759 to low-glucose cultures decreased the ROS levels; however, these ROS levels were higher than those of untreated cells or cells treated with IACS-010759 alone.

Impact of IACS-010759 on healthy donor PBMCs and B cells {#s2_6}
--------------------------------------------------------

We assessed the effect of IACS-010759 on PBMCs isolated from peripheral blood obtained from six healthy donors. Again, cytotoxicity was limited (Figure [6A](#F6){ref-type="fig"}). The PBMCs were also assayed for OCR and ECAR. The results seen with the CLL cells were recapitulated with the healthy donor PBMCs. The OCR was mitigated in five of six donors (Figure [6B](#F6){ref-type="fig"}), while ECAR was increased in four of the five donors tested (Figure [6C](#F6){ref-type="fig"}). Finally, healthy donor B cells were cultured and incubated with IACS-010759. Time-matched controls had 10%-15% cell death rates, and these rates were decreased with IACS-010759 rather than increased (Figure [6D](#F6){ref-type="fig"}). As seen with the healthy donor PBMCs, basal OCR was decreased and ECAR increased in B cells from three healthy donors upon incubation with IACS-010759 (Figures [6E](#F6){ref-type="fig"} and [6F](#F6){ref-type="fig"}).

![Effect of IACS-010759 on healthy donor PBMCs or B cells\
(**A**) Cell death rate in healthy donor PBMCs that were untreated or were treated with 100 nM IACS-010759 (*n* = 6). (**B**) Changes in basal respiratory capacity measured as OCR in PBMCs upon IACS-010759 incubation for 24 h followed by an XF assay. (**C**) ECAR in five healthy donor PBMCs samples that were untreated or treated for 24 h. (**D**) Cell death rate in untreated or treated healthy donor B cells (*n* = 3). (**E**) Measurement of OCR in healthy donor B cells (*n* = 3) before and after treatment with IACS-010759. (**F**) ECAR measurement in healthy donor B cells before and after IACS-010750 treatment. Ctrl, untreated control; 010759, 100 nM IACS-010759 for 24 h.](oncotarget-09-24980-g006){#F6}

DISCUSSION {#s3}
==========

ATP is the molecular currency of the cell, and this cellular bioenergy is generated through two major pathways: mitochondrial OxPhos and cytoplasmic glycolysis. In normal cells, OxPhos is the predominant pathway to generate ATP \[[@R17]\]. Under anaerobic conditions, glycolysis is utilized to produce ATP. In cancer cells, the glycolysis pathway is upregulated, followed by lactic acid fermentation in the cytosol which is known as the Warburg effect \[[@R18]\]. In contrast, in normal cells, glycolysis is followed by oxidation of pyruvate using the OxPhos pathway of mitochondrial machinery. Furthermore, mitochondria in cancer cells are reported to be dysfunctional, although it is not known if they impact ATP production \[[@R19]\]. On the other hand, mitochondrial DNA and biogenesis are associated with not only respiration and tumorigenesis but also oxidative phosphorylation and metastasis \[[@R20]--[@R22]\].

Glycolysis occurs in the cytoplasm. Glucose is the substrate, which through a series of ten-enzyme-catalyzed reactions is converted to pyruvate. This pyruvate in turn is converted to lactic acid, the end product of glycolysis. In cancer cells, glucose is converted to pyruvate irrespective of oxygen conditions and yields 4 mol of ATP per 1 mol of glucose \[[@R23]\]. ATP is directly formed through phosphate transfer from substrate to ATP, or substrate phosphorylation. Some of the pyruvate enters the tricarboxylic cycle, whereas most of the end product, lactic acid, is flushed out of the cell.

OxPhos occurs in the mitochondria of cells. Glutamine, glucose, or fatty acids are the NADH suppliers for the electron transport chain. ATP is formed through a series of redox reactions involving oxygen as the final electron acceptor. The series of oxidative reduction reactions occur through the four complexes of the electron transport chain, which then generates an electrochemical gradient in the inner mitochondrial membrane \[[@R24]\]. Protons return to the mitochondrial matrix through ATP synthase, and this process is coupled to ATP synthesis. A total of 36 mol of ATP are produced per 1 mol of glucose \[[@R23]\].

There have been several attempts to identify the metabolic program of tumor tissue and cancer cell survival and proliferation; however, it is not completely clear which process (OxPhos or glycolysis) is preferred. Although OxPhos is a more efficient pathway for energy production, it may not be the preferred pathway in cancer cells. Mitochondrial DNA mutations are common in neoplastic cells and hence may not have functionally active electron transport chains \[[@R25]\], although this relationship is not completely established \[[@R26]\]. For solid tumor cells in general, cells are highly proliferative as well as metabolically active; however, they are generally in hypoxic conditions. Nonetheless, these cells are highly plastic and adapt to this anaerobic condition by upregulating glycolysis and making it a primary route for production of cellular bioenergy \[[@R18]\]. In contrast to this common view of metabolic switch, newer studies suggest that both glycolysis and oxidative phosphorylation are enhanced in tumor tissue compared with surrounding cells \[[@R27]\]. Irrespective of the preferred metabolic program and associated controversies, it is becoming clear that tumor cells are highly plastic and adapt to conditions such as low oxygen and or low nutrients by reprogramming their metabolism.

Peripheral blood CLL cells, in contrast to highly proliferative solid tumor cells, are replicationally quiescent. Compared to proliferative malignant B-cell lines, that show high glycolysis rate (measured as ECAR), CLL cells showed low ECAR. OxPhos, on the other hand varied and correlated with disease aggressiveness \[[@R8]\]. Reliance on OxPhos for production of cellular bioenergy was reported in quiescent melanoma cells and leukemia stem cells \[[@R28], [@R29]\]. Increased aggressiveness of this tumor subtype is associated with increased OxPhos; for example, CLL lymphocytes from individuals with advanced Rai stage, ZAP-70-positive disease, or disease with unmutated IGHV show increased OxPhos in contrast to ZAP-70-negative or IGHV-mutated subtypes \[[@R8]\] Microenvironment further aided OxPhos induction. Although OxPhos was the preferred route of energy production in CLL cells from peripheral blood in all these conditions, challenging these cells with IACS-010759 clearly demonstrated that the cells adapt to this adverse condition by switching to glycolysis (Figure [2B](#F2){ref-type="fig"}). This plasticity provided a survival advantage to the CLL cells, even under potent inhibition of OxPhos. Such an adaptation in cancer cells has been seen with other OxPhos inhibitors. Arctigenin, when used for treatment of advanced pancreatic cancers, selectively killed OxPhos-dependent cells \[[@R30]\]. With IACS-010759, KRAS-negative pancreatic cancer cells were selectively targeted since their glycolysis remained low, while KRAS-positive cells adapted by upregulating glycolysis as a compensatory mechanism \[[@R14]\]. Atovaquone acts as a selective OxPhos inhibitor by targeting the coenzyme Q10 dependence of mitochondrial complex III. When atovaquone was used in MCF7 breast cancer cells, it inhibited OxPhos but also induced glycolysis \[[@R31]\], as seen with IACS-010759 in the present study. In general, these data suggest that when challenged, the cancer cells amend their metabolic profile.

The plasticity of CLL cells has also been observed in the presence of stromal microenvironment. While short-term interaction (24 h) with a variety of stromal cell lines have been found to significantly increase OCR and not glycolysis, longer incubations (6 days) with bone marrow stromal cell lines propelled glycolysis \[[@R32]\]. Our findings are in concert with these observations and suggest treatment-induced adaptation and plasticity of CLL cells.

Several agents are being tested to target OxPhos \[[@R33]\]. Because IACS-010759 induces minimal cell death in CLL, probably because of the compensatory increase in glycolysis, we tested inhibition of both pathways as a therapeutic strategy. We used two approaches: the use of 2-dG to mitigate glycolysis and the use of low-glucose conditions to reduce glycolytic flux. Some cell death was seen with 2-dG itself, but its combination with IACS-010759 led to higher cell death rates (Figure [5C](#F5){ref-type="fig"}). A previous study showed that 2-dG impacted the cell viability of lymphoma cells as a single agent and reduced cell numbers synergistically with PI3K inhibitors and c-MYC antagonists \[[@R34]\]. Also, inhibition of glycolysis by 2-dG in ovarian cancer cell lines reduced cell proliferation \[[@R35]\]. Similarly, 2-dG as a single agent was used to selectively kill acute lymphoblastic leukemia cells \[[@R36]\]. Consistent with our observations, combination of 2-dG with electron transport chain blocker antimycin A or rotenone significantly increased cell death compared with each drug alone \[[@R37]\].

In a Tcl-1 adoptive transfer CLL mouse model system, single-agent IACS-010759 induced little biologic effect and minimal adverse events (data not shown). The same system needs to be used to test a combination of both IACS-010759 and a glycolysis inhibitor to validate our current data in the *in vitro* model system. In conclusion, our data suggest that CLL cells adapt to use a different metabolic pathway when OxPhos is inhibited and that targeting both OxPhos and glycolysis pathways is necessary for this approach to have therapeutic benefit.

MATERIALS AND METHODS {#s4}
=====================

Patient and healthy donor blood collection {#s4_1}
------------------------------------------

Peripheral blood samples were collected in green-top tubes from 43 CLL patients ([Supplementary Table 1](#SD1){ref-type="supplementary-material"}). All patients gave written informed consent in accordance with the Declaration of Helsinki and under a protocol approved by the Institutional Review Board of MD Anderson Cancer Center. Healthy donor blood was obtained from Gulf Coast Regional Blood Center in Houston, Texas.

Drugs {#s4_2}
-----

IACS-010759 was obtained from the Institute for Applied Cancer Science at MD Anderson. 2-dG was obtained from Dr. Waldemar Priebe\'s group at MD Anderson. IACS-010759 was dissolved in dimethyl sulfoxide. 2-dG was dissolved in distilled H~2~O.

Cell isolation {#s4_3}
--------------

Peripheral blood mononuclear cells (PBMCs) from blood samples of CLL patients or healthy donors were separated by Ficoll-Hypaque density centrifugation (Atlanta Biologicals, Flowery Branch, GA, USA). Cells were cultured in Roswell Park Memorial Institute 1640 (RPMI-1640) medium with L-glutamine and 10% human serum. All experiments were performed using freshly isolated CLL cells; the purity of this cell population was ≥95%. Viability of these cells right after isolation is between 95--100%; for each cell death experiment, time-matched control (ctrl) was used to determine the viability after 24 or 48 hours of incubation in medium.

CLL stromal cell co-cultures {#s4_4}
----------------------------

PBMCs from blood samples of CLL patients were co-cultured with stromal cells (NK.Tert) at a ratio of 100 CLL cells to 1 stromal cell. Generally, the cultures were maintained for 24 h. The culture methods and optimization are described in detail in prior publications \[[@R38]\].

Cytotoxicity assays {#s4_5}
-------------------

To identify and quantitate apoptotic and necrotic cells, we stained CLL cells with annexin V and propidium iodide and counted the cells using flow cytometry as described previously \[[@R39]\].

Extracellular flux assays {#s4_6}
-------------------------

Extracellular flux assays (Seahorse Bioscience, North Billerica, MA, USA) were used to measure the OCR and ECAR of CLL cells. CLL cells (5 × 10^5^) were plated in RPMI-1640 and 10% human serum in six-well plates with or without IACS-010759 for 24 h. Cells were counted and plated onto XF microplates. RPMI-1640 medium was replaced with XF base (to measure OCR) or glycolysis base (to measure ECAR) media as recommended by Seahorse Bioscience. Five technical replicates for each condition were plated \[[@R8]\].

Mitochondrial reactive oxygen species and membrane potential {#s4_7}
------------------------------------------------------------

CLL cells were incubated with either dimethyl sulfoxide (control) or IACS-010759 (100 nM) for 24 h. A total of 10^6^ cells were stained with MitoSOX Red and tetramethylrhodamine ethyl ester perchlorate and were analyzed using flow cytometry for mitochondrial reactive oxygen species (ROS) and mitochondrial outer membrane potential, respectively.

Caspase 3 assay {#s4_8}
---------------

CLL cells were incubated with either dimethyl sulfoxide (control) or IACS-010759 (100 nM) for 24 h. A total of 10^6^ cells were stained with CellEvent Caspase-3/7 Green Detection Reagent (Thermo Fisher Scientific, Waltham, MA, USA) and analyzed using flow cytometry to detect activated caspase 3.

Ribonucleotide pool measurement {#s4_9}
-------------------------------

CLL cells were incubated with or without IACS-010759, and ribonucleotides were extracted from cells using the perchloric acid method. Extracts were neutralized and used for high-pressure liquid chromatography. Pools were separated using an anion exchange column and high-pressure liquid chromatography as described previously \[[@R40]\]. Standard ribonucleotides were used to create a standard curve, which was used to quantitate nucleotide pools; and the concentration was determined on the basis of mean cell volume. Mean cell volumes were determined by a Coulter Counter (Beckman Coulter, Indianapolis, IN, USA).

Glucose uptake assay {#s4_10}
--------------------

CLL cells were incubated with either dimethyl sulfoxide (control) or IACS-010759 (100 nM) for 24 h. CLL cells were then washed with 1X phosphate-buffered saline twice before resuspension in glucose-free media. \[^3^H\] 2-dG (0.5 μL, specific activity 28 Ci/mmol) was added (both reagents from PerkinElmer) to the cells and incubated for 1 h. The cells were washed with ice-cold 1X phosphate-buffered saline twice and quenched with 1N NaOH. Radioactivity was quantified using the scintillation counter.

Autophagy {#s4_11}
---------

A total of 10^6^ CLL cells were either untreated or treated with IACS-010759 for 24 or 48 h, washed and stained with 1 mL of Acridine Orange (10 μg/mL) (Invitrogen, Carlsbad, CA, USA) and analyzed using flow cytometry for autophagy. Changes in acridine orange positive population were determined.

Statistical analysis {#s4_12}
--------------------

Student *t*-tests (two-tailed) and analysis of variance were performed using Prism 6 software (GraphPad Software, La Jolla, CA, USA) with a significance level of \< 0.05.

SUPPLEMENTARY MATERIALS FIGURES AND TABLES {#s5}
==========================================
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